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The logerithmic function on the left hand side of equation (14)
(which is also the ordinaste for the correlation curve of fig. 8) is ap-
pliceble to the intermel heat-transfer process in which the gas is in
equilibrium and the specific heat is essentially constant. However, if
the specific heat of the gas changes apprecisbly during the process of
cooling in the probe, it is necessary to treat the process on the basis
of enthalpy differences instead of temperature differences. Such is the
case, for example, when the measurement is made in a dissoclated gsas.

If the enthalpy of the gas at station 2 can be determined from
knowledge of its composition and tempersasture, and if the enthalpy of the
gas at wall temperature Ty 1is constant along the tube wall, the terms
in the logerithmic function can be replaced by enthalpy terms so theabt
the correlation function becames

Hy - H
= (5 750)
where
Hy  stagnatbion enthalpy
Hao enthalpy of the gas at temperature To

Hy  enthalpy of the gas at tube wall temperature Ty

Thus the Instrument is used to determine total stream enthalpy, and
the total temperature mey then be determined from enthalpy tables.

The relation between enthelpy and temperature for various geses in
equilibrium is given in reference 8 and, in addition, references 8, 9,
and 10.

8. Huff, Vearl N., Gordon, Sanford, end Morrell, Virginis E.: General
Method and Thermodynamic Tebles for Computation of Equilibrium Com-
position and Temperature of Chemical Reactions. NACA Rep. 1037,
1951. (Supersedes NACA TN's 2113 and 2161.)

Issued September 12, 1960 page 1 of 2 pages
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9. Hall, Eldon W., and Weber, Richard J.: Tables and Charts for Thermo-
dynamic Calculations Involving Air and Fuels Conteining Boron, Car-
bon, Hydrogen, and Oxygen. NACA RM E56B27, 1956.

10. Moeckel, W. E., and Weston, Kenneth C.: Composition and Thermodynamic
Properties of Air in Chemical Equilibrium. NACA TN 4265, 1958.
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TECHNICAL NOTE 4383

A COOLED-GAS PYROMETER FCOR USE IN HIGH-TEMPERATURE GAS STREAMS

By Idloyd N. Krause, Robert C. Johnson, and George E. Glawe

SUMMARY

An immersion-type pyrometer is described that utilizes the con-
trolled cooling of a continuously asplrated sample of the gas whose tem-
perature is to be measured. The gas 1s cooled as 1t is drawn through
e tube, after which its temperature is measured with a thermocouple.
Free-stream totel tempersture 1s then obtained by a relation involving
internel heat transfer in the tube, gas propertles, and certain readily
measured temperatures and pressures. A technique is described whereby
calibration constents obtalned in elr at near room total temperature are
used to campute the high-temperature correlations for other gases with
known property vealues.

Experimentel comparison in & high-temperature gas stream with ther-
mocouple probes end with & pneumastic-probe pyrometer showed agreement
within 2 percent of totel temperature in the range 2000° to 4000° R.

INTRODUCTION

Thermocouple probes are the most common immersion-type sensing
elements used to measure the temperature of high-veloclty gases. The
selectlon of the proper thermocouple deslgn for a glven application pri-
marily involves compromises between accuracy and structural considera-
tions. As the temperature and velocity of the gas stresm are increased,
1t becomes more difficult to meet the requlrements of measurements with
thermocouple probes. In fact, many epplicatlons exceed the limits of
thermocouple designs, even where dellberate use is mede of controlled
cooling of the thermocouple Junction (refs. 1 eand 2). Therefore, a
definite need exists for other types of immersion pyrometers. Two ex-
emples of such types are the pneumstic probe (refs. 3 and 4) and the
cooled-tube pyrometer (ref. 2).

The cooled-gas pyrometer reported herein Introduces another epproech;
namely, the controlled cooling of the ges before teking & tempersture
measurement with a thermocouple. This 1s accompllshed by drewing the
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bot ges through a tube with cooled walls. The loss in energy of the gas
is reflected by & drop in gas temperature.  The amount that the temper-
ature drops is a function of the flow within the tube s ges properties,
tube geometry, and tube wall temperature. Therefore, if the temperature
of the gas 1s measured after 1t has been cooled, and the gas temperature
drop cen be calculsted, then the free-streeam ges totael temperature cen
be determined.

This report presents the theory of the cooled-gas pyrometer along
with experimentel results obteined in both room- and high-temperature
gas streams. Room-temperature correlations were made in a total-
pressure renge from 0.l to 2.5 a.tmospheres.- High-tempersture measure-
ments ranged from 2000° to 4000° R with total pressure from 0.8 to 1.5
atmospheres. All messurements were at subsonic stream Mach mmbers.
This work 1s part of the research program in high-temperature measure-
ments being conducted at the HACA lLewls laborstory. )

THECRY
Convectlve Heat Transfer in a Tube

Conslder an element of length of a tube as shown in the following
sketch:

Gas flow ——» T —»

r—(T + 4T)

S NNNNNN\\N

(A11 symbols are defined in sppendix A.)

Since the heat loast by the gas 1s equel to the heat transferred to
the wall,

B(Ty - Ty)ax = -  GepdTy (1)

If ('.L‘b - T,) is represented by the expression K(T - T,), vhere X and
T, ere sssumed constent, then 4T, = K 4T, and equation (1) can be
stated as follows:

-.!q—dx .
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-ﬁdx--mm_ ' (2)

It will be essumed that, over a limited Reynolds number range, the
Stanton mmber can be expressed as follows:

Bt = EegPrb r(Ref,%) (3)

The viscosity in Rey 1is based on film temperature Tp, which is de-
fined as (T + T,)/2. The Prandtl mmber is assumed to be constant over

the film-temperature renge within the tube. 8ince both the cross-
sectional area of the tube end the mass-flow rate wlthin the tube are
constant, the Reynolds mumiber within the tube varies only because of
the viscosity. The Reynolds mmber Rep within the tube can be ex-
pressed as

Rep = oo (4)
/)

where the subscript ¢ refers to the location of the thermocouple. The

factor r(Ref,%) in equation (3) is introduced to sccount for devietions

in the Stanton number because of undeveloped flow near the tube entrance

and the effect of tube curvature.

It will be assumed that
f(nef,%) ~ f(Rec,-’ﬁ‘) (5)

and 1f equetions (3), (4), end (5) are substituted in equation (2), the
result is

s o) 5 - e ®

Since
Pe=T at x =

T=eT at X=1
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and assuming

1
x \dx €
J/’ fééecﬁS)_ﬁ-k’CRec
(o]
the integrel Fform of equation (6) becomes
To To

Rollp:? c (%fi)a @-n) ) (E—Z—)al (x - m,)

c

Y - aT daT (7)

with & = & - € vhere |e| is much smaller than |a|. Since the Prandtl

number varies only slightly for most gases, it is difficult to estab-
lish the power of the Prandtl number in equation (7) by eny calibration
technique. Reference 5 in a similar situstion suggests & value of 2/ 3
for b. This value of b will be assumed for thls investigation.

In equation (7) it will be assumed that over the range of temper-
stures involved, the viscoslty i can be expressed as

(—l‘:—r)al = o + C (8)

where H,. is an arbitrary reference viscoslty that is chosen as the
viscosity of air at 1000° R. Figure 1 gives the value of a for var-
lous gases for a range of values of &; over a tempereture renge from
800° to 2300° R. The maximum sbeolute error in the value of (u/m.)®L
between that tebulated in reference 6 and tha:b calcula.ted. by the pre-
ceding equation is 3 percent. .

The use of .this relation to evaluate _(pf/u.c "1 1y equation (7)
ylelds

To

—Cc .

2/3
ReZlPr l+__E_T1.(Tf_Tc) (T"Tw)
Tc (P-c/l-‘-r)

oSy
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The solution of equation (9) is

To - T\ c
= (Tc - T"') ) Re:ﬂ-;prz/ 3

+1n(l + ) = 3 (10)

- .
Re:J?r2/5
vwhere the approximation assumes |&| much less than 1, and
2as(e¥ - 1) -(1-3 ap) (e - 1)
em(l - %— a,e) - % ape?
s T %

(n./ ur)al

£ =

—Cc
et
Re, Pré/3

Applicetion of Theory to Probe Design

The term £ in equation (10) accounts for the effects of the varia-
tion In gas viscosity along the tube for the case Ty >> ‘:E“, This term

can be controlled to some extent by probe design, because 1ts megnitude
is influenced by geometry. It cen also be seen that, for the cese where
To epproaches T, the viscosity varlation 1s negligible and & Dbecomes
zero. In any case £ msy be treated es a correction factor, and the
genersl correlation parsmeters are relsted by

o-%\. ¢
- (Tc - %) Re-Lp:?/3 o

Figure 2 1s a schematic diagram of a cooled-gas pyrometer. The gas
is drewn into the probe at station 1 and is cooled while passing through
the inside tube whose well temperature 1s essentially constent. At ste-
tion 2 the gas has been cooled sufficiently to obtaln a measurement of
temperature (Tz) with a thermocouple located in the center of the tube.

A tepered body is attached to the thermocouple shaft and acts as a flow ——
nozzle whose minimum aree is the flow passege between the body end the

tube wall at station 3. The pressure downstream of this section (meas-

ured by pressure tep p 4) must be sufficlently low to maintsin criticel

flow through the nozzle.
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The correlation equation shows that 1t 1s necessary to evaluate
Reynolds mmber Re, in the tube and ges temperature T, &t a measur- -

ing station x = 1. B8tation 2 (fig. 2) represents this measuring sta-
tion in the probe. The Reynolds mumber can be expressed as

Ree =Dz (2)
where Dy 1s the inside diemeter of the inner tube, Wy is the viscos-
ity of gas at T,, and m 1is the mess-flow rate of the gas in the tube. g

The mess~flow rate m i1s determined by the following relation for
eritical fiow through a nozzle:

] /2

-S| o2 =

vhere ¥ and M are evaluated at temperature T,, and Ag 1s the min-
imm flow area of the nozzle.

For the seke of simplifying the Reynolds mmber correlation, 1t cen "
be assumed thet the totel-pressure drop in the tube 1s smell (P, ~ By},

and evaluation of C3 1s not necessary since Cy 1s in turn a function
of Reynolds mmiber. With those simplifying essumptions, and combining )
equations (11), (12), end (13), the "working" equation of the probe z
becomes

\eag

1n (H) o (c x rr'é/s) [f(u,r)] 2 f—...z_lb—mz— (14)
ko \T

r

where
Y+l

2(M,7) = | /¥ (;.—%)&-2

(see nomogrem, fig. 3) with H, the exrbitrary reference viscosity, teken
as viscosity of air at 1000° R, and with Pr, U, M, and 71 evaluated at
T .
2

For a given probe design, the constant and the quentity a, may be v
evaluated by calibrating the probe with alr at near room temperature 1f
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a sufficient difference exists between T, end Ty- The measured quan-
tities would be s Ly Tp, and Fo.

Thus, if logiln (—) 1s plotted against

T2 - %

P
1log I}(u,r)] °T » the slope of the curve will determine the
B2,/ *2
i, {1000
velue of & and the :I.n'berceptwm'betheterm(GXPr'Z/s). The con-
stant 1s then calculated with knowledge of the value of Pr st temper-

ature Tp. After e, and the constant are determined for e given probe,

the probe can then be used for high-temperature measurements of other
gases 1f the gas property values are known.

Strictly spesking, equation (14) cammot be epplied to high-
tempersture operation zTo >> T.) with the seme degree of rigor as it

epplies to the amblent calibration (To ~ T.). One of the differences

existing between the two cases has been previcusly discussed - namely,
the variation of viscosity slong the tube when (To >>EEw); this varie-

tion is accounted for by the £ term in equetion (10).
The correction term & i1s defined in equetion (10) and includes

a factor o which is defined in equation (8) end evalusted for certain
gases 1n figure 1. For a probe application,

)"
Fp

(e

BN

T2 - Ty
The correction term £ is presented as a function of o, B, and ¥ in
figure 4.

Other factors that have not been explicitly included in equation
(14) end that will introduce deviations for the case (T, >> T,) are:

(1) Critical-flow area of the nozzle A.5 wlll decrease as the ta-
pered insert 1s heated.
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(2) ™e T, term on the right side of equation (14) will deviate
from ges bulk temperature because of a temperature profile. )

(3) The indicated temperature T, will be low because of & radia-
tion error.

(4) The viscosity K, will not be equael to 4, because of the
exror 1n Ts.

However, for the probe design herein reported and for the range of tests,
these factors were of small megnitude or of a cancelling nature, so that
equation (14) represented a good a_pprox:l.mation Furthermore, these da-
viations are often insignificant compared to the umcertainties in the °
knowledge of gas propertlies for high-tempera:bure application.

Appendix B presents an anelysis of these devietlons and includes
‘terms that cen be epplied to equation (14) to correct for them, and a
semple calculsetlon 1s presented in appenﬂd.x C.

APPARATUS

A detalled drawlng of the cooled-gas pyrometer 1s shown in figure
5. The pyrometer consists of three concentric tubes, the largest tube
having an outslde "dlemeter of 1/2 inch. The hot gas passes through the
1/4-inch tube; cooling water passes through the two emnuli. Inlet water
is passed next to the 1/4-inch tube to minimize the effect of external
heat recelved by the outside tube. Bpacing rods, shown in section A-A,
are located in the annull to ensure uniform cross sections in the region
of the bend. The inlet nozzle 1s machined from Inconel and heliarc-
welded in place: The thermocouple insert head centers the Junction es
well as serving as & flow nozzle. The critical-flow section 1s a square
inscribed in a circle, chosen because of the ease in controlling dimen-
sions. A pressure tap located downstreem of the thermocouple monitors
the pressure et the downstreem side of the criticel-flow section and
also acts a8 a total-pressure ta_p when the aspira:bion is shut off. Three
probes were bullt and tested to determine the reproducibility of this _

design.

High-~temperature evaluatlion tests were performed in the high-
temperature water-cooled tunnel described in reference 2. Two types of
thermocouple probes and one pneumatic temperature probe were used as
comparison instruments. One probe type was a bare-wire, crossflow,
platinum-rhodium - platimum thermocouple with a water-cocled suppoxt.
Radiation, conduction, and recovery corrections were applied to this
configuration by using methods and values from references listed in the
bibliogrephy of reference 2. ‘The other thermocouple probe was a sonic-
aspilrated platimm-rhodium - platinum type as described in reference 7.

I

]
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The pneumatic probe was primerily of importance in obtaining total
temperature In the range beyond that of the thermocouples. It was used
exclusively in the range from 3600° to 4000° R. This probe utilized the
design and operation criteria and methods of computation presented in
reference 4.

In operating ranges where ell three comparison probes could be used
to obtein total temperature, agreement to within 1.5 percent of the mean
temperature of the three imstruments was obtained.

To determine the constants in the working equation (eq. (14)), room-
tempereture tests were performed in a Zz-inch-diameter verisble-density

tunnel. Because of the relatively smell differences between total, in-
dicated, end water-coolant temperatures in the room-temperature tests,
differential temperature meesurements instead of sbsolute measurements
were made. The temperature-difference terms (To - Ty) end (T, - Tr)
eppearing In the temperature correlation were thus obtained directly.

FPROCEDURE AND RESULTS
Prelimlinary Tests

In the process of developing the cooled-gas pyrometer, several pre-
liminery tests were performed to verify assumptlions and to f£ind the
effects of varying design and operatlonal factors. These tests and the
results obtained are discussed ln this sectlon.

Axiel location of thermocouple. - Considerstlons of the relation
between T, &and gas properties indicated that 1t 1s desirsble that Ty
be large, so that the uncerteinty in knowledge of property values be-
comes less important. However, at large velues of Ty, radiation errors

associated with the thermocouple must be considered. Therefore, a com-
promise must be made in selecting the distance from the inlet to station
2. For the range of conditions and probe design (fig. S) herein reported,
e fixed locatlion of 80 tube dlameters from the Inlet was chosen as a
compromise. The axlal tempereture profile along the centerline of the
tube was messured by moving the thermocouple insert. Figure 6(a) shows
the result of & typicel test of this type and indicates the sensitivity
to axial positloning.

Radial location of thermocouple. - At an axilal position of 80 diem-
eters from the inlet, the thermocouple Junctlion was displaced radially
from the centerline. The resultent radlsal temperature profile in the
tube is shown in figure 6(b).
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Choice of temperature meessurement to represent T, in correlation

paremeter. - As presented in theory, L. 1s the temperature of the inner

well of the center 1/4-inch-diemeter tube.. Assuming that the temper-"
ature drop scross the wall of the tube is negligible, 1t 1ls reasoneble
that T, cen be represented by measurement of coolent temperature. A

series of teste was therefore performed in the high-tempereture range,
and measurements were made of cooling-water inlet end outlet temperature
and of temperature rise in the inner and outer cooling ennull. These
tests indicated that the coolant tempersture rise in the inner passage
wves small and could be neglected for correlation purposes; thus, coolant-
inlet temperature Ty could be used to represent T.

In one of the dbove-mentioned tests the normal coolant-flow rate was
decreased as much as posslble without demaging the probe. The coolant
inlet temperature was fixed, and the coolent temperature rise through
the probe increased by a factor of three. Durlng thls time the thermo-
couple ingert measurement T, remained constant, thus esteblishing the
fect that, even under the most merginal coolant flows, TW would repre-
sent T, &as & correlation paremeter.

Effect of asplretlon rate. - As previously indicated, this probe
depends on aspiretion for its operation end includes & critical-flow
section at station 3 (fig. 2). This design feature was incorporated for
convenience in determining the mess-flow rate and the Reynolds number in
the inner tube. It also conveniently controls the f£low in the tube so
that the correlation is lndependent of free-streem Mach number. This is
advantegeous because in meny spplicstions only approximate values of
flow condltions are known. -

The results of a test to estsblish the effect of asplration rate
on the thermocouple insert indication are presented in figure 6(c). A
pressure ratio of approximastely 0.5 1s required to maintein critical
flow at the nozzle portion of the thermocouple insert. It is seen from
the figure that at leasst this criticel pressure retio should be m_a.:!.n-'
talned .across the probe to ensiure & constant probe indicatlon.

An interesting result 1s that with the asplrstion shut off, the
thermocouple To will indicate Ty. This leeds to a simple mode of

operation when using the probe in a hot gas; that ls, with the aspira~-
tion off, the thermocouple imsert will yleld cooling-water temperature
- Ty eand the p, tap will measure total pressure Pgy. Then, with espira- .
tion on, & measurement of T, willl complete the measurements required

to obbtaln totel temperature. No independent measurements of cooling-
water temperature or total pressure ere required if time is avaeileble to
operste .the probe in this mammer. These remarks epply to both subsonic
end supersonic streams, where for the supersonic case P, would be the
total pressure behind the normel shock formed by the probe.
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Pressure drop in tube. = To verify the assumption of negligible
pressure drop within the 1/4-inch tube, tests were performed at both
embient- and high-temperature conditions with a total-pressure tube re-
placing the thermocouple insert. With the sensing end of the total-
pressure tube located &t the normal exlal positlion of the thermocouple
Junction, a constent total-pressure loss of 4 percent of streem total
pressure wes obtalned. Because of the fact that the percentege pressure
arop was constant, & correlation Reynolds number evaluated at station 2
(fig. 2) wes based on P, insteed of P,. This simplified the probe

deslgn end operation in that 1t was not necessery to have an intermsl
total-pressure measurement at statlion 2.

Cooling-water flow rate. - Figure 7 presents varlation of water-
flow rate with varietion of water pressure drop across the probe. About
1.6 gallons per minute are passed with & pressure drop of 50 pounds per
square inch.

Finsgl Tests

Using the results obtalned from the preliminary tests, & cooled-
ges pyrometer wes tested at both amblent end high temperatures with the
thermocouple junction located 80 tube dlameters downstresm of the probe
entrance. Room-tempersture messurements were mede 1n a total-pressure
range from 0.1 to 2.5 atmospheres. High-temperature measurements ranged
from 2000° to 4000° R with the total pressure ranging from 0.8 to 1.5
etmospheres. Free-stresm Mach numbers for all meessurements were sub-
sonic and ranged from 0.1 to 1.0.

The correlation for the final probe configuration 1s shown in fig-
ure 8, with the ebscissa plotted both in terms of Reynolds nmummber and
in terms of parameters in worklng equetion (14) that are proportional
to Reynolds mumber.

Both room- and high-temperature tests are included In figure 8,
with 35 percent of the 118 date points in the 2000° to 4000° R range.
For convenience, two stralght lines, computed by the method of least
squares, have been drawn through the dats, with equal weight assigned
to both room- and high-temperature points. The data fall within a band
of 12 percent in (TO - TW) ; the probable error of & single observsation

being +1 percent. The slope of the main portion of the curve is -0.348;
sbove & Reynolds number of 27,000 the slope 1s -0.160. The range of
Reynolds numbers covered in testing the cooled-ges’ pyrometer 1s not com-
plete enough to establish the slope at lower Reynolds numbers, but it
is reasonsble to assume that the slope willl change when flow inside the
tube 18 completely laminar. Therefore, the extrespolaetion of figure 8 to
lower Reynolds mumbers is questlionseble because of the uncerteinty of the
transition to leminar flow.
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Two other pyrometers, made from the same drewing as that of figure
5, were also tested. The results are presented as the dashed lines of
figure 8. Although the correlation curves of the three probes are sim-
ilar in shape and in thelr probable errors, the slopes are slightly 4if-
ferent and the curves are displaced by amounts up to 15 percent of .
(TO - TW). Geometry factors that may produce these differences are as

follows:
(1) Differences in tube diameter
(2) Variation in tube dismeter and cross~sectional shepe

(3) Differences in size and shape of nozzle portion of thermocouple
insert o

(4) Varying surface roughness inside tube . 3

From these considerations it would be difflcult if not impractical
to control the fabrication to the point where reproducible results would
be obtained between probes. Therefore, 1t is advisable to obtain the
correlation curve by individual calibration.

CONCLUDING REMARKS

A pyrometer whose prirnciple of operstion is based on measurements
of the controlled cooling of & continuously aspirated sample of gas has
been described and evaluated. ©Such an instrument is of use in making
local temperature measurements gbove the usual range attributed to
thermocouples.

Probe correlation curves obtained from both room-tempersture and
high-temperature evaluations showed asgreement within £2 percent, whilch
was the same as the order of accuracy of the high-temperature comparison
instruments used to establish stream total temperature.

The operation of the probe 1s relatively simple, and the correla-
tion is independent of free-stream Mach number. However, the accuracy
depends directly on the knowledge of gas properties, and the probe must
initially be calibrated. In epplications where the gas properties are
not known accurately enough to esteblish accepteble absolute measure-
ments, the instruments may still be used for temperature profile
measurements.

Lewis Flight Propulsion Laboratory _
Netional Advisory Committee for Aeronsutics
Cleveland, Ohlo, August 8, 1958

5GRY.



4855

NACA TN 4383

b He B

4

APPENDIX A

SYMBOLS
cross-sectional flow area
& constant
discharge coefficient
specific heat at constant pressure
ingide dilemeter of aspirated tube
mass~-flow rate per unit area
convective heat-trensfer coefficient
axisl distance from tube inlet to measuring station
molecular weight
mass~flow rate
total pressure
Prandtl number
static pressure
universal gas constant
Reynolds number
internal Reynolds number with viscosity evaluated at T,
internal Reynolds number with viscosity evaluated at Tp
Stanton number
totel gas tempersture in center of tube at any axlal position
ges bulk temperature in tube
gas temperature in ceanter of tube at measuring station x =1

T+ TW
gas film temperature, — %
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temperature of inlet cooling water
temperature of inside tube wall
total gas temperature of free stream

gas tempersture in center of tube as indicated by thermocouple
inserted at measuring station 2

axlael distance from tube entrance
ratlio of speclfic heats

viscosity

viscoslity evaluated at Tc
viscosity evalusgted at Tf
reference viscosity (air at 1000° R)

viscoslty evalusted &t E['2

Probe station notation:

o)

1

free stream

tube entrance

internal measuring station
criticel-flow sectlion

pressure~tap position

qegy -



4855

NACA TN 4383 15
APPENDIX B

FACTORS CONTRIBUTING TO DEVIATTIONS NOT
EXPLICIT IN WORKING EQUATION
A more rigorous statement of equation (14) would be

-a7

To - Ty Asp\ L -2/3 1l P
In (m) =C (Is_ﬁ) Pr [f(M,r)] ::_Tb— + & (B1)
v, | Toco

Radiation Effect

The indicated thermocouple temperature To will not be equal to

T when TZ > T,; because of a radiation loss from the thermocouple
Junction to the cold walls. A radiation correction factor €g can be
defined such that

To = To(1l + &) (B2)

Viscosity Effect

The viscosity Ho at the messuring station should be eveluated at
the corrected tempersture Tc Instead of at TZ' The viscosity correc-
tion factor € will be defined so that

e = k(1 + ¢)) (B3)

Temperature-Profile Effect

The temperature T, will not represent bulk temperature T, when

a temperature profile exists in the tube; therefore, a relation for these
two terms must be established. Thus, € will be defined so that

Tp = T,(1 - &) (B4)

Nozzle-Ares Effect

When the tgpered body that forms the critical-flow area is heated,
the critical-flow aresa hot A:’:H will be less than the critical-flow
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area cold ASC; the relation between asreas and this correction factor

€, cen be defined so that

(B5)

Total Correction

If the preceding corrections are substituted in equation (Bl), and
the magnitudes of &g, €5 Spo and €, eare assumed. to be much less than

1, the result is .
~81

. (____Tw) N 3
T, - T iy | T
7.\ 7565
1 T
3l+81[€u+€n--2-(€b-€R€li+63(m)+§ (BG)

Evaluation of Correction Factors

Rediation. - The radistion correction for & splke~type thermocouple
is approximately one-third greater than that for a bare-wire crossflow

probe:
2.82 4
T T
d 2
GR =~ 0.0386 GCA —_— (Eo-a) 1l - ('T—Z') (37)

where the gas is air.

For the probe design herein reported, the Mach number Ny in the

‘tube is about 0.2, the wire dlameter & 1is 0.020 inch, and the average
emittance epp of the Chromel-Alumel wire can be taken as 0.75. In-

troducing these values into equation (87),
2

7. \2-82 z

0.0087 (_T2 w

~ 1~ (88)
R N (1000) (Tz)

where Po is in simospheres.

GS8Y
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Bulk temperabure. - For fully developed turbulent flow, reference 8
implies the following expression for the relation between bulk temper-
gture Ty, and the temperature in the center of the tube I,z

Tc - Ew
B~ T, (1 - 0.18 -Tc-) (B9)
Substituting this equation into equation (34) end solving for €y glve
T - Ty -
N el U Tl (810)
b Tc TZ

Nozzle expansion. - The relation for the critical-flow area Az
when the tapered plug is at elevated tempersture T5 and the area Azp
when the plug is at the cold-wall tempersture T, 1is given by

AZ_

Agg = Azn |1 - 28 <7% 1)(T2 - T.) (B11)

where © is the coefficlent of linear expension of the plug material.

Substituting equation (Bll) into equation (BS) yields

Ao

e, = 20 (% - 1) (T - T,) (B12)

Viscosity. - Since the viscosities of most gases are functions of
the gas temperature to spproximetely the 0.7 power, ep. may be expressed
as

€ =~ 0.7 & (B13)
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APPENDIX C
SAMPLE CALCULATIONS

As sn example, assume that a temperasture measurement is to be mede
in a flow system using high-temperature alr. The correlation curve for
the probe to be used will be represented by the lower curve of figure 8.
This curve can be identified by two straight lines, over the range of
Reynolds numbers shown, so that

Renge I Range IT i
Rey, 6,000-27,000 | 27,000-60,000
8 0.348 0.160
Intercept 1.57 1.045
Constant 1.24 0.825

where the value of the constant (eq. (14)) is found from
C = Intercept X Prz/ 5
with the correletion gas Prandtl number belng 0.7.

The primary measurements taken with the probe will be assumed to be
as follows:

Py = 1.5 atm
Ty = 520° R
T, = 1620° R

The property values of the gas at temperature T, are

T =1.34
Pr = 0.70
M= 29

Mp = 0.815%107° 1b-sec/sq £t
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The following correlation parsmeters are then evalustbed:

S e e e .« 3.6

£(M,y) from nomogrem (fig. 3) e e e e e e e
. 1.36

uz/u e e e e e e e e e e e e e e e e e e e
where W, 1s a reference viscosity (air at 1000° R). Therefore,

P
£(M,7) 0 _\-s.6{—232
By 1.36+/T.62

7
g

= 5013

This quantity is the value of the sbscissa for the curve (fig. 8)
vwhich corresponds to that range of the curve where

0.348

u

ot
C = 1.24:

The slope is equal to a5 and the constant C is the probe con-
stant in the working equation (14) so that

To~ Tw) | o -2/3x[ ]'al _Fo_
ln(Tz - Tw) or F047) (uz) T

u_| {1000
-0.348
~ (1.24)(0.7) /5(3.6) 034 (-————1'5 )_o

1.36+/1.62

=~ 1.055

Therefore,

To - Ty
'lf——- ~ 2.87
2 = Ly
T, = 2.87(1620 - 520) + 520
~ 3680° R
A more rigorous relation for calculating T, appears in eppendix

B, in which several factors are added to equa'blon (14) and appear as
correction factors in equation (B6).
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Evaluatlon of these terms as applied to the semple case is as fol-
lows: From equation (BS),

4
0.0087 2.82 520
€g ~ -\/]Tc'; (1.62) [l - <_1620) ]

~ 0.0277
From (Bl1O),
1620 - 520
€-b ~ O-lS(——fe—z(—)—-—)
~ 0.122
From (B12),
e, = 2(7.0x107%)(2.75 - 1)(1620 - 520)
= 0.027
From (B13),
N ]
eu 0.7 R

=~ (0.7)(0.0277)
~ 0.0194

From figure 1,
@ = 1.69x0"%

By definition,

Ty - Ty

)

~ 1620 - 520
(1.36)0" 3%

BN

~ 1100
1.113

ae8y
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. Therefore,
af = 0.167
and
e (@)
~ 1.055

4855

previously evalusted from the general working eguation (14). Therefore,
from figure 4, :

g = -00024

Substituting the calculated values in equation (BB) yields

T, -
1n (—TO——-T—"' = 1.055{1.00 } + 0.041 - 0.024
2 = Ty
= 1.072
- Therefore,

T, -

_.9_& = 2.92

T, - T_

T = 2.92(1620 - 520) + 520

3730° R

Therefore, for the given sample computation the difference between
8 solution using equation (14) and ome using equation (B6) would be 1.3
percent. This difference of 1.3 percent, however, should not be taken
to imply a small megnitude in the total correctlion for all cases. In
general, the significant terms in the correction factors will be the last
two terms in equation (BS6).
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(a) Variation of sxial location of thermocouple. Total temperature,
2730° R; total pressure, 1.16 atmospheres.

Figure 6. - Varliation of probe indication with change in axial or

radial locatlon of thermocouple or aspirstion rate. Water temper-
ature, 500° R.
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(b) Varistion of radial location of thermocouple. Total
temperature, 28500 R; total pressure, 0.94 atmosphere.

Figure 6. - Continued. Variastion of probe indication with
change in axial or radisl location of thermocouple or as-
piration rate. Water temperature, 500° R.
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Figure 6. - Concluded. Variation of probe indicetion with change in axial or _ .
radial location of thermocouple or aspiration rate. Water temperature, 500° R.
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